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(57) Abstract 



A sensor comprising a substrate on 
wliich a piinrality of resistive elements (7a, 7b, 
7c, 7d) is arranged in a Wheatstone bridge 
configuration (5), whereby at least one of 
the resistive elements demonstrates a mag- 
neto-resistive effect, the resistive elements 
(7a, 7b, 7c, 7d) being provided in branches 
which lespectively connect (a) a current in- 
put terminal (I|) with a flist voltage termtaial 
(Vq); (b) the first voltage temiinal ( Vq) widi a 
current output tefloninal (lo); (c) die current out- 
put traminal (lo) with a second voltage tenni- 
nal (Vr): (d) die second voltage tenninal (Vr) 
with the current input tenninal (10, whmby 
the sensor comprises a second Wheatstone 
bridge (5') which is electrically connected to 
the first Wheatstone bridge (5) already referred 
to, the first and second Wheatstone bridges (5, 
5') being identical except in that, if a given 
magneto-resistive element in a given branch 
in one bridge has a positive output polarity, 
then the corresponding magneto-resistive ele- 
ment In the same branch in die other bridge 

has a negative output polarity. By adding ttie ou^ signals firom the two Wheatstone bridges (5, 5'), the zeio-point ofito of die sensor can 
be detennlned and elkainated. This is adileved without the need to use the so-called flipping technique employed in conventional sensors. 
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"Sensor comprising a Wheatsione bridge" 



The invention relates to a sensor comprising a substrate on which a 
plurality of resistive elements is arranged in a Wheatstone bridge configuration, whereby at 
least one of the resistive elements demonstrates a magneto*resistive effect, the resistive 
elements being provided in branches which respectively connect: 
S (a) a current input tenninal with a first voltage tenninal; 

(b) the first voltage terminal with a current output terminal; 

(c) the current output terminal with a second voltage terminal; 

(d) the second voltage terminal with the currem input terminal. 

Sensors of this type may be employed imer alia: 
10 - in compasses, for detecting die terrestrial magnetic field, e.g. in automotive, 

aviation, maritime or personal navigation systems; 

in position sensors and/or angle sensors {e.g. in automotive applications); 

as field sensors in medical scanners, and as rq>lacements for Hall probes in 

various other applications; 
15 - as current sensors, whereby the magnetic field produced by an electrical current 

is detected; 

as memory cells in Magnetic Random-Access Memories (MRAMs); 
as magnetic heads, which can be used to decrypt the magnetic flux emanating 
from a recording medium in the form of a magnetic tape, disc or card. 
20 Magneto-resistance is a phenomenon whereby the electrical resistance of a 

body can be influenced by magnetic flux. In particular, the electrical resistance of the body 
changes in a predictable manner in response to a varying magnetic flux, making such a body 
suitable for use as a magnetic-electric transducer in a magnetic field sensor. However, as 
with any resistive body, the electrical resistance of such a body can also be influenced by 
25 other environmental factors, particularly temperature. A problem in (sensitive) practical 
applications is thus to devise some means of differentiating between transducer signals 
resulting from (varying) magnetic flux and (unwanted) transducer signals emanating from 
other enviromnental sources. A popular approach is to include at least one magneto-resistive 
element in a Wheatstone bridge arrange ment . 
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A sensor as specified in the opening paragraph is known, for example, 
from PHILIPS SEMICONDUCTORS data handbook SC17 (1995), Sendconduaor Sensors, 

5 pp 33-38. The sensor therein described employs the so-called flipping technique to allow it to 
measure very weak magnetic fields. According to this technique, the magnetization direction 
in each of the Wheatstone bridge's magneto-resistive elements is periodically reversed using 
an external flipping field. Such periodic reversal causes a corresponding reversal of the 
polarity of the bridge's output signal as a function of applied magnetic field. Addition of the 

10 normal and mverted outputs allows the bridge's zero-point offset to be determined and 
(electronically) eliminated, such offset being principally caused by mask alignment enors 

during fabrication of the bridge. 

The known sensor suffers from a number of disadvantages. In particular, 
a relatively large electrical current (of the order of about 1 ampfere) is generally needed to 
15 generate the required flipping field, causing greatly increased power consumption and 
consequently hindering the use of batteries as a power source. In addition, the flipping 
technique can have a destabilizmg effect on die magnetization of the magneto-resistive 
element(s), particularly when such elements are based on the Anisotropic Magneto-Resistance 
(AMR) effect; such destabilization leads to increased noise levels. 

20 

It is an object of the invention to alleviate these problems. In particular, it 
is an object of the invention to provide a sensor which lends itself to the measurement of 
weak magnetic fields without having to rely on tiie flipping technique described hereabove. 
25 These and other objects are achieved in a sensor as specified in the 

opening paragraph, characterized m tiiat the sensor comprises a second Wheatstone bridge 
which is electrically connected to die first Wheatstone bridge ahready referred to, the first 
and second Wheatstone bridges being identical except in that, if a given magneto-resistive 
element in a given branch in one bridge has a positive output polarity, then the 
30 correspondmg magneto-resistive element in die same branch in the otiier bridge has a 
negative output polarity. 

The relationship between the first and second voltage terminals Vq,Vr in 
die first bridge and die first and second voltage terminals Vq\Vr* in the second bridge is 
defined in terms of die output signals tapped from bodi bridges, in diat if Vq - Vj^ is 
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regarded as die output signal Vqj^ from die first bridge, dien Vq' - V|^* is regarded as die 
output signal Vq^^ from die second bridge. Once this relationship is defined, die meaning of 
die term "corresponding" in the previous paragraph is unambiguous. 

The "output polarity** of a magneto-resistive elonent may be positive or 
S negative depending on whether the electrical resistance of such an element decreases or 

increases in response to a reference magnetic stimulus, e.g. an increasing magnetic field in a 
given direction. In general, the electrical resistance of such an element will contain a fixed 
offset (without any output polarity) and a field-variable portion (with a given output polarity, 
determined by the polarizing means). 
10 The invention exploits the insight that, as a result of the polarity reversal 

in the second Wheatstone bridge, that bridge is effectively a permanently "flipped" version of 
the first Wheatstone bridge, without requiring the use of a flipping field. Consequently, the 
sensor according to the invention has a number of important advantages, including: 

reduced noise levels, since all magneto-resistive elements in both bridges have a 
15 permanently stable magnetization configuration; 

lower power consun^tion, since the lack of a flipping field no longer requires 
an additional (substantial) electrical current; 

simpler electronics, since there is no need to periodically produce a flipping 
field; 

20 - the possibility to measure AC magnetic flux widiout encountering mismatch 

problems with flipping-field frequency. 
In the sensor according to the invention, the zero-point offset can be determined by adding 
the outputs of the first and second Wheatstone bridges. After subtraction of this zero-point 
ofCiset, the output signal of the double Wheatstone bridge configuration is twice a large as 

25 that from a single (known) Wheatstone bridge. If so desired, this fact allows the area of the 
first and second Wheatstone bridges to be hsdved, resulting in a sensor having the same net 
size and the same output level as a single Wheatstone bridge. 

In general, the more magneto-resistive elements which are present in die 
Wheatstone bridge, the more sensitive will it be to external magnetic flux. An advantageous 

30 embodiment of the sensor according to the invention is therefore diaracterized ui that all of 
die resistive elements in the first Wheatstone bridge demonstrate a magneto-resistive effea 
(in which case all the resistive elements in the second Wheatstone bridge will also 
demonstrate a magneto-resistive effect). Such a sensor should be embodied in such a manner 
that, when the branches in the first Wheatstone bridge are traversed in the consecutive order 
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(a), (b), (c), (d), the output polarity of fbt resistive elements in each consecutive branch is 
alternatively positive and negative. 

A particular embodiment of die sensor according to the invention is 
characterized in that at least one of the resistive elements demonstrates the Anisotropic 
5 Magneto-Resistance (AMR) effect. The output polarity of such an AMR element can be 
determined as follows: 

the element is assumed to have a fixed magnetization direction M^ in the 
absence of an external magnetic field; 

the element is provided with a so-called barber*pole strucmre, having at least 
10 one conductive strip which extends parallel to a major surface of the substrate 

and lies across the element so as to subtoid an acute directional angle ±B with 
Mo; 

by choosing a directional angle of +0 or -0, the polarity of the output signal of 
the associated AMR element can be caused to have a positive or negative 
15 polarity, as required by the invention. The sign of 6 can, for example, be 

defined as positive (+) in the case of a clockwise cant away from M^ and 
negative (-) in the case of a coumerclockwise cant away from M^, as observed 
in plan view (i.e. normal to the substrate); since B is acute, such a definition is 
unambiguous. 

20 AMR is observed in magnetic alloys such as NiFe (permalloy), FeNiCo and CoFe, for 
example. Barber-pole structures are widely known and applied in the art, and serve both to 
linearize die output signal from, and to magnetically bias, the associated AMR element. 

In general, the barber-pole referred to above will consist of several 
mumally parallel diagonal strips. However, current miniaturization trends have seen the 

25 emergence of AMR thm-fihn sensors which only have diagonal electrical contacts, without 
intervening diagonal strips; such diagonal contacts also subtend a directional angle ±8 with 
Mq, and should be interpreted as falling within the scope of the term "barber-pole" as here 
employed. 

In the case of the embodiment referred to in the previous two paragraphs, 
30 the value of is preferably 45 ±5**. Such a sensor is then at its most sensitive. 

An alternative embodiment of the sensor according to the invention is 
characterized in that at least one of the resistive elements demonstrates the Giant Magneto- 
Resistance (GMR) effect. The output polarity of such a OMR element can be determined as 
follows: 
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the GMR element is assumed to have at least two magnetic portions having 
respective magnetizations M| and M2; 

the element is magnetically biased in such a way that and M2 subtend a 
vectorial angle a with one another; 
5 - if , in response to a reference magnetic field, a decreases/increases, then the 
element is defined to have a positive/negrtive ouq)ut polarity (these two 
situations corresponding to increasing/decreasing electrical resistance of the 
element concerned). 

GMR is observed in material structures such as antiferromagnetically coupled magnetic 
10 multilayers (e.g. Co/Cu and Fe/Cr), exchange-biased spin-valve multilayers {e.g. 

FeMn/NiFe/Cu/NiFe), and so-called hard/soft multilayers (Le. GMR multilayers having 
ferromagnetic layers of mutually different magnetic coercivities). The magnetic biasing 
referred to may, for example, be achieved using permanent magnets which are appropriately 
positioned in proximity to the various GMR elements. However, generally more satisfactory 
15 magnetic biasing means employ a current-carry ing conductor nmning in proximity to the 
GMR elements; see, for example, the discussion in European Patem Application EP 
97201143.1 (PHN 16.324). 

In the case of the embodiment referred to in the previous paragraph, the 
value of a is preferably 90±S^. Such a sensor has a magneto-resistance characteristic which 
20 is virtually free of hysteresis (since magnetization rotation dominates over domain-wall 
displacement). 

It should be explicitly noted that, in the sensor according to the invention, 
the first and second Wheatstone bridges may be connected in series or in parallel. 

According to the invention, the first and second Wheatstone bridges can 
25 be provided on the substrate in different manners. For example, the two bridges may be 
provided side by side (as in Figure 1), or nested one within the other (as in Figure 2), or 
stacked one on top of the other. The individual resistive elements in each bridge may also be 
coplanar or stacked. 



30 

The invention and its attendant advantages will be further elucidated with 
the aid of exemplary embodiments and the accompanying schematic drawings, whereby: 

Figure 1 renders a plan view of a general embodiment of a sensor 
according to the invention; 
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Hgure 2 renders a plan view of another embodiment of die sensor 
according to the invention, employing AMR elements; 

Hgure 3 grq)hically dqiicts the output signals of the first and second 

Wheatstone bridges in Figure 2; 
5 Figure 4 imiers a plan view of two GMR magncto-resisrive elements 

having opposite output polarities. 

Correspondmg features m the various Figures are denoted by the same 

reference symbols. 

10 

Embodiment 1 

Figure 1 renders a plan view of part of a particular embodiment of a 
sensor according to the invention. The sensor comprises a substrate 1 having a major surface 
15 3 on which a first Wheatstone bridge 5 is provided. The bridge 5 has a respective current 
input terminal Ij, current output terminal I^, &st voltage terminal Vq and second voltage 
terminal Vr. Branches (a),(b),(c).(d) are located between the respective termmal pairs 
(Ii.VQ),(VQ,Io)'(Io'VR),(VR,Ii), and these branches respectively contain resistive elements 
7a,7b,7c,7d. 

20 In this particular case, all of the elements 7a,7bjc,7d demonstrate a 

magneto-resistive effect. Each of these elements has a certam output polarity (positive or 
negative). In this particular case, elements 7a and 7c have a positive output polarity 
(schematically depicted by a " + " symbol), whereas elements 7b and 7d have a negative 
output polarity (schematically depicted by a symbol). 
25 In accoidance with the invention, the sensor comprises a second 

Wheatstone bridge 5* which is electrically connected to the first Wheatstone bridge 5 (m this 
case, the current terminals of the bridges 5,5* are connected m parallel). In as much as 
certain features in the second bridge 5' correspond to those in the first bridge 5, such 
features are denoted by the same basic symbol accompamed by an accent 
30 The second bridge 5* is identical to die first bridge 5 in all aspects, except 

that each magneto-resistive clement 7a\7b\7c\7d' in die second bridge 5' has the opposite 
ou^t polarity to ttie corresponding magneto-resistive element 7a,7b,7c,7d in the first bridge 
5. As a result, the outpui signal Vqr* across die terminals Vq'.Vr' in bridge 5* will have 
die opposite polarity to die output signal Vqj^ across die teraiinals Vq,Vr in bridge 5; in diis 
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manner, the bridge S' may be reearded as a permanently "flipped" rendition of the bridge S. 
Bnbodiment 2 

5 

Figure 2 renders a plan view of a particular embodiment of the sensor 
according to the invention, employing AMR elements. A major surface 3 of a substrate 1 is 
provided with a pair of parallel-connected Wheatstone bridges. However, unlike the side*by- 
side situanon in Figure 1, the Wheatstone bridges in Figure 2 are nested, so as to occupy as 

10 little space as possible on the surface 3. 

The magneto-resistive elements 7a,7b,7c,7d,7a\7b',7c',7d* are all AMR 
elements. Each such element is provided with a barber-pole structure, consisting in this case 
of a series of metallic strips 9 lying in a plane parallel to the surface 3 and diagonally 
crossing the underlying AMR element. All the diagonal strips subtend an angle of ±45'' with 

15 the depicted x-axis. 

By way of example, the vectors M^j|j,Moc.Moij\Moc' represent the zero- 
field magnetizations in the AMR elements 7b,7c,7b\7c*, respectively. In die case of element 
7b, the overlying strips 9 are canted counterclockwise away from M^^^ whereas, in the case 
of element 7c, the strips 9 are canted clockwise away from M^^. In contrast (in accordance 

20 with the invention), in the case of element 7b*, the strips 9 are canted clockwise away from 
Mgi,*, whereas, in the case of element 7c', the strips 9 are canted counterclockwise away 
from Mqq'. 

Figure 3 is a graphical depiction of the outputs Vqi^ and Vq|^* from the 
two Wheatstone bridges in Figure 2, as a function of an applied magnetic field Hy of 

25 variable magnitude, directed parallel to the depicted y-axis. Both outputs Vq|^, Vq|^' comprise 
a DC offset on which a field-variable portion is superimposed. It is clear that, as far as 
this field-variable portion is concerned, Vqi^ is the inverse of Vq|^', so that adding Vqj^ and 
Vq^'will cause cancellation of the two field-variable portions and yield a resultant of 2Vo, 
thereby allowing the value of to be determined. Subtraction of this value of from 

30 eidier Vq|^ or Vqj^* will then yield an offset-corrected sensor output signal. 
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Embodiment 3 

Figute 4 renders a plan view of two magneto-resistive elements 7a Jd 
from a Wheatstone bridge 5 as depicted in Figrn^ 1. Both elements 7ajd are GMR 
S elements. 

As here depicted, each element 7a Jd comprises two magnetic layers in 
stacked arrangement (an upper layer and a lower layer), with an interposed non-magnetic 
layer. The upper and lower layers have respective magnetizations Mi^^M2^ in the case of 
element 7a and M|^,M2,| in the case of element 7d. The magnetizations M^^.M^^ fixed 

10 using, for example, an exchange-biasing technique; on the other hand, the vectors M2a«M2ii 
are free to rotate. In this manner, the elements act as spin-valve trilayers. 

In the absence of an external magnetic field, the vectorial angle 
between Mj^ and and the vectorial angle between M^^j and are both 90** 
(achieved, for example, using a magnetic annealing technique). However, in the presence of 

15 the magnetic field H, decreases and a^i increases. Consequently, the output polarities of 
elements 7a, 7d are mutually opposite. 



# 
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CLAIMS : 



1. 



A sensor comprising a substrate on which a plurality of resistive elements 



is arranged in a Wheatstone bridge configuration, whereby at least one of the resistive 
elements demonstrates a magneto-resistive effect, the resistive elements being provided in 
branches which respectively connect: 



characterized in that die sensor conq>rises a second Wheatstone bridge which is electrically 
10 comiected to the first Wheatstone bridge already referred to, the first and second Wheatstone 
bridges being identical except in that, if a given magneto-resistive element in a given branch 
in one bridge has a positive output polarity, then the corresponding magneto-resistive element 
in the same branch in the odier bridge has a negative output polarity. 

2. A sensor according to Claim 1, characterized in that all of the resistive 
IS elements in the first Wheatstone bridge demonstrate a magneto-resistive effiect. 

3. A sensor according to Claim 1 or 2, characterized in that at least one of 
the resistive elements demonstrates the Anisotropic Magneto-Resistance effect. 

4. A sensor according to Claim 1 or 2, charaaerized in that at least one of 
the resistive elements demonstrates the Giant Magneto-Resistance effect. 
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(a) 
(b) 
(c) 
(d) 



a current ixrput terminal with a first voltage terminal; 
the first voltage terminal with a current output terminal; 
the current output terminal with a second voltage terminal; 
the second voltage terminal with the current input terminal. 
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